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a b s t r a c t

In this paper, the low cycle fatigue failure and ratcheting behavior, as well as their interaction of AH32
steel were experimentally investigated under uniaxial cyclic loading. The effects of mean stress, stress
amplitude and stress ratio on the low cycle fatigue life and ratcheting strain were discussed. It was found
that the ratcheting strain increased while the fatigue life decreased with the increase of mean stress and
stress amplitude, and the increasing stress ratio would result in smaller ratcheting and larger fatigue life.
Two kinds of failure modes, i.e. low cycle fatigue failure due to crack propagates and ratcheting failure
due to large plastic strain will take place respectively. Based on the experimental results, considered the
effect of ratcheting on fatigue life, a model with the maximum stress and ratcheting strain rate was
proposed. Comparison with the experimental result showed that the new model provided a good pre-
diction for AH32 steel.
© 2019 Production and hosting by Elsevier B.V. on behalf of Society of Naval Architects of Korea. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The fatigue strength of ship's structure has very important sig-
nificance on the safety and survivability. Along with the increasing
in ship dimensions and more use of high-strength steel in recent
years, the stress and deformation of ship structures are so high and
large, which result in prominent problem demanding prompt so-
lution in the development of large-scale ships. The ship structure in
the service period is actually in the alternating stress state. When it
is subjected to large alternating load, the stress concentration area
will produce fatigue crack. In the case of overload caused by severe
sea condition, the crack growth rate in the stress concentration area
is accelerated and the bearing capacity is reduced, which leads to
the rupture of ship structure. It is known that two kinds of failure
modes, low cycle fatigue failure due to crack propagates and
ratcheting due to large plastic strain will take place respectively.
The existing research (Hu and Chen, 1997) shows that most overall
fracture of ship hulls are the coupling interaction result of low cycle

fatigue and ratcheting. Therefore, it is meaningful to study the low
cycle fatigue of ship hull structure considering the effect of
ratcheting.

Ratcheting, which occurs in the components subjected to
asymmetric cyclic stressing, refers to accumulation of inelastic
deformation progressing cycle by cycle. Early in 1950, the concept
of ratcheting for ship structure was put forward by researchers,
but it has not been paid enough attention. In 1970, Coffin (1970)
had suggested that ratcheting would cause additional damage
and could result in reduced fatigue life (Rider et al., 1995) (Xia et al.,
1996). In 1990, Mansour and Yang (Mansour et al., 1990)
had pointed out that the influence of ratcheting should be
considered seriously in the calculation of plastic area and damage
rate. In the winter of 1980, a large transport vessel of Japan
(L� B�D¼ 216.4m� 31.7m� 17.3m, 15 years old) was subjected
to severe sea conditions in Noyasaki, resulting in the overall
destruction of ship structure. The accident made Japanese scholars
reconsider the ratcheting of ship hull structure, and carried on a lot
of research work (Murray, 1953) (Fujita et al., 1984) (Fukumoto and
Kusama, 1985a) (Fukumoto and Kusama, 1985b) (Yao and Nikolov,
1990). Huang (1999)considered that the overload caused by se-
vere sea condition would result in a new plastic deformation in the
dangerous section of ship structure. The accumulation of plastic
deformation under cyclic loading could reduce the bearing capacity
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of ship's dangerous section. Therefore, in the condition that the
cyclic load is smaller than ultimate bending moment, the ship
structure will be unsafe, resulting in failure. Since the low cycle
fatigue failure-ratcheting interaction is very important in the
design and assessment of structural component, it has been studied
experimentally and theoretically by some researchers recently.
Isobe (Isobe et al., 2008) investigated the effect of ratcheting on
fatigue strength, and rationalized its ultimate strain as design cri-
terion. Kang (Kang and Liu, 2008) (Kang et al., 2006) (Liu et al.,
2008) and Yang (2005) (Yang, 2007) conducted a series of low cy-
cle fatigue-ratcheting interaction tests under uniaxial cyclic loading
for SS304 stainless steel, 42CrMo steel and carbon steel 45,
respectively. The experimental results showed that the final fatigue
failure life and ratcheting strain depended greatly on mean stress,
stress amplitude and stress ratio. Thus stress-based fatigue failure
model was proposed to predict the fatigue life, accounting for the
effect of ratcheting. Sinaha and Ghosh (2006) proposed a fatigue
failure model based on ratcheting for high strength low alloy.
Fatemi and Yang (1998) presented a review on the ratcheting and
fatigue life evaluation models. The accuracy of these predictive
models needs to be examined further. However, the existing
experimental results have revealed that the interaction between
low cycle fatigue and ratcheting differs from various materials. It is
necessary to investigate the interaction between low cycle fatigue
and ratcheting for other materials.

Therefore, the interaction between low cycle fatigue and
ratcheting of AH32 steel was tested under asymmetrical uniaxial
cyclic loading in this work. The effects of mean stress, stress
amplitude and stress ratio on the final low cycle fatigue life and
ratcheting strain were investigated. Then, the interaction between
low cycle fatigue and ratcheting was discussed in detail. Finally, a
fatigue failure model was presented to predict the fatigue life of the
material, considering the influence of ratcheting.

2. Experimental procedure

The test material used in this investigation is AH32 steel. This
kind of high strength steel has beenwidely used in naval and ocean
engineering. While studies on the general fatigue characteristics
are very limited. Its chemical composition is (weight percentage, %)
C 0.18, Mn 1.4, Al 0.02, Si 0.32, P 0.04, S 0.04, Nb 0.02. The testing
specimens were notched plates, whose dimensions were 360mm
in length and 50mm in width, the notch radius was 2.4mm. The
specimens were treated by solution heat treatment at 525 �C for 2 h
and then air-cooled. The experiments were performed in air and at
room temperature (around 20e25 �C), using the servo-hydraulic
test machine MTS322 (±250 kN), as illustrated in Fig. 1. Each
specimen was tested under load control using a 1 Hz frequency
triangular loading waveform, because it can represent real engi-
neering loading conditions more closely. The experimental data
were collected by the control system of the machine. The axial
strainwas measured by a tensile extensometer with a 10mm gauge
length, ±1mm range, and 0.01% extensometer strain control ac-
curacy. The strain rates of cyclic straining and stress rates of cyclic
stressing were prescribed as 0.004/s and 250MPa/s, respectively.

In the paper, the definition of accumulative plastic strainεa in a
cycle is introduced:

εa ¼ 1
2
ðlnð1þ εmaxÞ þ lnð1þ εminÞÞ (1)

where εmax and εmin are the maximum andminimum axial strain in
each cycle measured by the extensometer. Meanwhile, the ratch-
eting strain evolution rate is defined as dεa=dN, andN is the number
of cycles.

3. Experimental results and discussions

3.1. Monotonic tensile test

According to the recommendations in National Standard GB/T
15248-2008 (The test method for axial loading constant amplitude
low cycle fatigue of metallic materials), the monotonic tensile test
was performed to obtain the basic properties for AH32 steel. The
stress and strain were collected by the data acquisition system of
MTS322, and the stress-strain curve was shown in Fig. 2. The
measured values of elastic modulus and yielding strength were
206 GPa and 345MPa for AH32 steel.

Fig. 1. Scheme of low cycle fatigue tests.

Fig. 2. Monotonic tensile stress-strain curve for AH32 steel.
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3.2. Uniaxial cyclic straining test

Before the tests of interaction between ratcheting and low
cycle fatigue for AH32 steel were carried out, the symmetrical
uniaxial cyclic straining with different strain amplitudes
(0.3%,0.4%,0.5%,0.6% and 0.8%, respectively) tests were conducted at

room temperature. The strain rate of cyclic straining was prescribed
as 0.004/s, and the curve of responded stress amplitude vs. the
number of cycles is shown in Fig. 3. It can be seen from Fig. 3 that
the cyclic softening/hardening properties of AH32 steel depend on
the applied strain amplitude. When the applied strain amplitude is
smaller than 0.5%, the responded stress amplitude increases grad-
ually in the initial stage and presents apparent cyclic hardening
behavior. Then cyclic softening occurs after about 25 cycles, fol-
lowed by a stable state after hundreds of cycles. When the applied
strain amplitude is larger than 0.5%, the responded stress ampli-
tude initially increases more quickly and then tends to stabilize,
which is characterized by obvious cyclic hardening behavior.

3.3. Low cycle fatigue-ratcheting interaction

A series of uniaxial load tests of low cycle fatigue and ratcheting
for AH32 steel were carried out over different mean stress, stress
amplitude and stress ratio. The various loading conditions and
experimental results are listed in Table 1. The relationship between
ratcheting strain and number of cycles are shown in Fig. 4, corre-
sponding to the loading case with different mean stress. It can be
seen from the figure that the ratcheting strain increases with the
number of cycles, while its increasing rate decreases and then
achieves a non-zero stable value. It is observed that the ratcheting
strain and its rate increases monotonically with the increasing of
mean stress. This is because the higher mean stress produces a
larger ratcheting damage, resulting in a loss of the ability of the

Fig. 3. Curve of responded stress amplitude vs. number of cycles.

Table 1
Loading conditions and experimental results for AH32 steel.

Specimen No. Stress amplitude (MPa) Mean stress (MPa) Final ratcheting strain Fatigue life N (cycle)

#NP01 160 5 0.01253 4410
#NP02 10 0.01441 4017
#NP03 20 0.01799 3824
#NP04 30 0.01891 3217
#NP05 50 0.02484 2953
#NP06 60 0.02782 2426

#NP07 180 5 0.01450 3592
#NP08 10 0.01790 3220
#NP09 20 0.02010 3034
#NP10 30 0.02300 2657
#NP11 50 0.02700 2124
#NP12 60 0.02923 1832

#NP13 200 5 0.01660 2731
#NP14 10 0.02024 2578
#NP15 20 0.02267 2124
#NP16 30 0.02769 2025
#NP17 50 0.03336 1894
#NP18 60 0.03754 1537

#NP19 220 5 0.01836 2329
#NP20 10 0.02152 2124
#NP21 20 0.02714 1769
#NP22 30 0.03246 1683
#NP23 50 0.03627 1394
#NP24 60 0.03982 1138

#NP25 240 5 0.02042 1966
#NP26 10 0.02402 1883
#NP27 20 0.0288 1513
#NP28 30 0.03471 1463
#NP29 50 0.03852 1144
#NP30 60 0.04300 1089

#NP31 260 5 0.02326 1674
#NP32 10 0.02829 1444
#NP33 20 0.03441 1359
#NP34 30 0.03816 1219
#NP35 50 0.04465 1016
#NP36 60 0.04896 925
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material to resist deformation. Finally, it will lead to a rapid increase
of evolution rate of ratcheting strain, until the specimen is
destroyed. This is similar to the obtained in literature (Kang et al.,
2002). The Fig. 5 shows the curve of ratcheting strain vs. number
of cycles under different stress amplitude, while mean stress is a
constant. It can be seen that the ratcheting strain and its rate in-
crease monotonically with the increasing of stress amplitude, and
the larger the stress amplitude, the larger the final ratcheting strain.

The final ratcheting strain is obtained from the experimental
results to express the low cycle fatigue-ratcheting interaction. Figss.
6e7 show its relationship for mean stress and stress amplitude,
respectively. It can be observed from Fig. 6 that the final ratcheting
strain increases apparently with the increasing mean stress. From
Fig. 7, it is shown that the final ratcheting strain increases with the
increasing of stress amplitude, while the increasing stress ampli-
tude slightly influences the value of final ratcheting strain. It im-
plies that the effect of mean stress on ratcheting is more significant
than that of stress amplitude, which is corresponding to the fact

that ratcheting occurs under cyclic loading with non-zero mean
stress.

The ratcheting behavior of AH32 steel is also investigated in the
cyclic stressing with different stress ratios, and the results with
constant peak stress 250MPa and 270MPa are shown in Fig. 8(a)
and (b) respectively. It can be seen from Fig. 8 that the maximum
ratcheting strain occurs at the stress of �0.92 and �0.93 with
constant peak stress 250MPa and 270MPa, respectively, and
increasing stress ratio will lead to decreased ratcheting strain.

The interaction between low cycle fatigue and ratcheting to
stress ratio is shown in Fig. 9. It is observed from Fig. 9 that the
increasing stress ratio results in a smaller final ratcheting strain,
and themaximum final ratcheting strain occurs at the stress ratio of
near�0.9 for peak stress 250MPa and 270MPa. It can be seen from
Fig. 9 that the increasing peak stress causes a larger final ratcheting
strain.

The experimental results show in the work that the ratcheting
strain increases with the number of cycles until the specimen fails,

Fig. 4. Curve of ratcheting strain vs. cyclic numbers with different mean stress.
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its rate decreases but not to be zero in the cyclic stressing. This
means that the shakedown of ratcheting for AH32 steel will actu-
ally not occur in the range of prescribed stress levels in this work.

3.4. Low cycle fatigue life

The low cycle fatigue life of AH32 steel is tested under asym-
metrical uniaxial cyclic stressing, and the relations between low
cycle fatigue life and mean stress, stress amplitude and stress ratio
are shown in Figss. 10e12. To compare with experimental results,
the predicted low cycle fatigue life by the model presented in the
next section is plotted in the figures as solid points. The effect of
mean stress on the fatigue life of AH32 steel can be observed in
Fig. 10. It is concluded that the fatigue life monotonically decreases
with the increasing of mean stress, and the longest fatigue life

occurs in the cyclic stressing with mean stress of 5MPa. It means
that ratcheting produced under asymmetrically cyclic stressing
results in additional damage, and then reduces the fatigue life. It
can also be seen from Fig. 10 that the increasing mean stress results
in an increased ratcheting strain rate when mean stress is larger,
and then the failure of the material is mainly controlled by such
large ratcheting strain. Therefore, the fatigue life of AH32 steel
decreases with the increasing of mean stress. When the mean
stress is lower, the ratcheting strain rate decreases to be a constant
after certain cycles, and then the failure of the material is mainly
controlled by low cycle fatigue. Therefore, it can be concluded that
the fatigue life of AH32 steel is reduced due to the ratcheting strain
produced in the asymmetrically cyclic stressing. And such inter-
action should be considered in the study of the structure subjected
to cyclic stressing with non-zero mean stress.

Fig. 5. Curve of ratcheting strain vs. cyclic numbers with different stress amplitude.
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The effect of stress amplitude on the low cycle fatigue life of
AH32 steel under uniaxial cyclic stressing is more pronounced. It is
seen from Fig. 11 that the low cycle fatigue life monotonically de-
creases with the increasing of stress amplitude. Since the increasing

stress amplitude results in the larger final ratcheting strain,
therefore the fatigue life correspondently decreases. The experi-
mental results with different stress ratios are plotted in Fig. 12. It
can be concluded that the fatigue life of AH32 steel is apparently

Fig. 6. Relation of final ratcheting strain to mean stress.

Fig. 7. Relation of final ratcheting strain to stress amplitude.

Fig. 8. Curve of ratcheting strain vs. cyclic number with different stress ratio.

Fig. 9. Relation of final ratcheting strain to stress ratio.

Fig. 10. Relation of fatigue life to mean stress.
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influenced by stress ratio. The low cycle fatigue life increases with
stress ratio increases, and the low cycle fatigue life with larger
maximum stress is shorter than that with smaller one when the
stress ratio is almost the same. It can be seen that when the stress
ratio is in the range of�0.96 to�0.75, a larger ratcheting strainwill
be produced under the uniaxial cyclic stressing as shown in Fig. 8.
Therefore, the fatigue life of AH32 steel in the stress ratio range
of�0.96 to�0.75 is apparently influenced by the detrimental effect
of ratcheting strain.

It can be concluded from the experimental results that the
ratcheting strain produced under the uniaxial asymmetrically cyclic
stressing is detrimental to the low cycle fatigue life of AH32 steel,
which will greatly reduce the fatigue life. Therefore, it is better to
express the low cycle fatigue life of AH32 steel by considering the
interaction effect of low cycle fatigue vs. ratcheting.

4. The low cycle fatigue failure model

Since the experimental results show that the ratcheting strain
produced in the asymmetrically cyclic stressing results in additional
damage, and then reduces the fatigue life. Thus it is assumed that
the total damage in the process of low cycle fatigue is consists of two

parts, i.e., low cycle fatigue damage represented bymaximum stress
and ratcheting damage characterized by ratcheting strain rate. Then
for low cycle fatigue damage, the SWT (Smith-Watson-Topper)
parameter method to predict fatigue life will be adopted. It is shown
that SWT parameter method is capable of predicting low cycle fa-
tigue life under cyclic stressing. For the ratcheting damage, the in-
fluence of accumulative plasticity on fatigue life is included in the
failure approach by introducing a correction term which contains
ratcheting strain rate. Based on the above-mentioned instructions, a
new low cycle fatigue failure model is constructed as follows:

Nf ¼ Nff þ Nfa (2)

Nff ¼
1
2
ðsmaxεa

s
0
f ε

0
f

Þ
1

bþc
(3)

Nfa ¼ ðsmaxεa
:

ka
Þ1b (4)

where Nf is fatigue life, Nff is failure cyclic number controlled by
low cycle fatigue, Nfa is failure cyclic number controlled by ratch-
eting damage, smax is maximum stress, εa is strain amplitude, s

0
f is

fatigue strength coefficient, ε
0
f is fatigue ductility coefficient, b is

fatigue strength exponent, c is fatigue ductility exponent, εa
:

is
accumulative plastic strain rate, ka and b are material parameters.
For AH32 steel, s

0
f ¼ 1152MPa, ε

0
f ¼ 0:086, b ¼ �0:126, c ¼ �0:34,

ka ¼ 45268, b ¼ �1:528.
As expounds above, the fatigue life of the material under

asymmetrically cyclic stressing is the linear superposition of low
cycle fatigue life and ratcheting damage. It should be noted that
although the ratcheting strain produced in the asymmetrically cy-
clic stressing will reduce the fatigue life, the fatigue life of the
material in the cyclic stressing with non-zero mean stress is still
longer than that in symmetrically cyclic stressing with the same
maximum stress due to larger stress ratio. Figss. 9e11 show the
relationship between experimental results and corresponding
predicted fatigue life by the model in various loading cases. It can
be seen from the figures that a good comparison has been found
between predictions and experimental results for AH32 steel, and
the influence of mean stress, stress amplitude and stress ratio on
fatigue life can be well presented by the predicted model.

5. Conclusion

A series of low cycle fatigue-ratcheting damage interaction tests
of AH32 steel under uniaxial cyclic stressing were conducted. Based
on the experimental observations, the major conclusions are ob-
tained as follows:

(1) The ratcheting strain produced in the uniaxial asymmetri-
cally cyclic stressing results in additional damage, then re-
duces the low cycle fatigue life of AH32 steel. The low cycle
fatigue life decreases monotonically with the increasing of
mean stress and stress amplitude. However, the fatigue life
increases as stress ratio increases since larger final ratcheting
strain is produced in the stress ratio range of �0.96 to �0.75.

(2) The final ratcheting strain increases apparently with the
increasing of mean stress and stress amplitude. And the ef-
fect of mean stress on ratcheting damage is more significant
than that of stress amplitude, which is corresponding to the
fact that ratcheting damage occurs under cyclic loading with
non-zero mean stress. The maximum final ratcheting strain
occurs at the stress ratio of near�0.9 for peak stress 250MPa
and 270MPa.

Fig. 11. Relation of fatigue life to stress amplitude.

Fig. 12. Relation of fatigue life to stress ratio.
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(3) When the mean stress is larger, increasing mean stress re-
sults in an increased ratcheting strain rate, and then the
failure of the material is mainly controlled by such large
ratcheting strain. However, when the mean stress is lower,
the material fails due to low cycle fatigue.

(4) Based on the experimental results, the low cycle fatigue
failure model is proposed to predict the fatigue life of the
material accounting for the effect of low cycle fatigue-
ratcheting damage interaction. The failure model consists
of two parts, the low cycle fatigue damage that is obtained by
using SWT parameter method, and the ratcheting damage is
obtained by introducing a correction term which contains
ratcheting strain rate into the failure approach. Comparison
with the experimental result shows that the model provides
a good prediction for AH32 steel.

-

-
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